We review here our recent results of experimental observation of room temperature magnetism in gold nanoparticles (NPs) and thin films. Capping gold surfaces with certain organic molecules leads to the appearance of magnetism at room temperature. The surface bonds between the organic molecules and Au atoms give rise to magnetic moments. These magnetic moments are blocked along the bond direction showing huge anisotropy. In the case of atomically flat surfaces, the magnetic moments are giants. An explanation of this orbital ferromagnetism is given. These results point out the possibility to observe magnetism at nanoscale in materials without typical magnetic atoms (transition metals and rare earths), and are of fundamental value to understand the magnetic properties of surfaces.
Introduction
The presence of hysteresis in the magnetic field dependence of the magnetization of ferro and ferrimagnetic materials is based on three elements:
1 the existence of magnetic moments (held by electrons), the exchange interactions (that tend to keep these moments parallel) and the magnetic anisotropy (that gives preferential spatial orientation of the magnetic moments). The combination of these three elements gives rise to the so-called "ferromagnetic behavior": stable orientation of magnetic moments in certain spatial directions even in absence of magnetic fields, yielding to a macroscopic magnetization not zero. The main limitation to observe ferromagnetism in materials is due to the exchange interactions: many elements show magnetic moments and anisotropy is always present in crystal structures but only few elements of the periodic table exhibit exchange interactions strong enough to promote magnetic order. Hence, the magnetism is limited to few transition metals, rare earths and their alloys. While these ideas are valid for the bulk, things are different at the nanoscale, where the properties of the materials are modified because of both size and surface effects, and new physics appears. One of the most striking features of nanostructures is that these systems present a large fraction of surface atoms. Figure 1 shows the fraction of surface atoms with respect to the total atoms in a spherical particle. As the size of particle decreases, there is a huge increase in this fraction. Therefore for particles of few nanometers of size (that is, NPs), surface effects become very important.
These surface atoms are different to those of volume and therefore, when they represent a non-negligible fraction of the total, the physical properties of the material may be modified. Moreover, the properties of the surface atoms can be also customized by bonds with other molecular species that alter their electronic structure and consequently all the physical properties depending on the electronic states. Actually, some surprising results related to the magnetic properties of nano- structures and surfaces have been already observed, for instance in proton irradiated graphite 2 and dielectric oxides. 3 An outstanding example of these surface effects is the appearance of huge magnetic anisotropy that blocks the magnetic moments of single Co atoms deposited onto Pt surfaces reported by Gambardella et al. 4 Here, we illustrate how Au atoms, in surfaces and as clusters, which are normally diamagnetic, exhibit magnetic moments when they are interacting chemically with organic molecules.
Au Nanoparticles
A very striking result is the recent observation of magnetism 5, 6 in Au NPs capped with dodecanethiol, despite the diamagnetic character of bulk Au and thiols separately.
Calculations of the electronic structure of gold indicate that the d-band lies well below the Fermi level, where the density of states, n(E F ) = 0.29 eV
is low enough to promote noticeable Pauli paramagnetism. Consequently, the weak 5d-band paramagnetism is overcome by the combination of Landau and core diamagnetism. As a result, bulk gold is diamagnetic with a susceptibility χ = −1.4 × 10 −7 emu/gOe, 8 and is very far of presenting a ferromagnetic-like behavior. However, as it is shown in Fig. 2(a) , thiol-capped gold NPs of 1.4 nm size show permanent magnetism and hysteresis up to room temperature. 5 The coercive field ranges from 85 Oe at 5 K to 10 Oe at 300 K, as the inset shows. On the other side, Au NPs with similar size but stabilized by means of a surfactant -i.e. weak interaction between protective molecules and Au surface atoms -are diamagnetic as bulk Au samples are, see with weakly interacting dendrimers (amine and alcohol groups). However, Au NPs lose d-electrons when capped with strongly interacting thiols. We confirmed, by XANES measurements that the spectra showed that for thiol-capped Au NPs there is a charge transfer from the Au to the S, 5 so the Au 5d-band is incomplete and could stand a magnetic moment. Nevertheless, the charge transfer is absent for the diamagnetic samples capped with the surfactant. 5 The surprising ferromagneticlike behavior is consequently associated with 5d-localized holes generated through Au-S bonds. It is consequently a surface effect: the magnetism arises at the NPs surface atoms. Therefore, the value of the magnetic moment per particle will depend on the NP size, which can be controlled through the preparation method. The Au NPs with dodecanethiol as the capping molecule were synthesized following the method described by Brust and co-workers, 11 using two-phase reduction (watertoluene : RSH) and also by the temperature of the reaction and the rate of reductant addition. 12 The increase in the amount of thiol produces a decrease in size of the NPs, because the metallic clusters are rapidly capped due to the excess of thiol. In addition, the faster the reductant addition, the narrower the NP size distribution. Consequently, we can achieve a good control over the NP size by controlling these parameters. Figure 3 shows the diffractograms for Au NPs prepared following the method described above with different Au:S ratio. The broadening of the maxima confirms that there is a decrease in the size when the amount of thiol is increased.
This decrease in size is confirmed by atomic force microscopy (AFM). The characterization of NPs with an AFM is not straightforward because we are in the limit of resolution of this technique. Consequently, the conditions must be optimum and are well described in the literature. 13 Actually, when observing small NPs onto a substrate by AFM, only the NPs height is well measured while the width is fairly distorted due to the convolution with the tip shape. SPR consists in a collective oscillation of the conduction electrons inside the NP. When an external electromagnetic field is applied, an excess of charge arises at the NP surface. This excess of charge acts as a restoring force, while the electron movement is damped mainly because of the electron interactions with atomic cores and NP surface. Hence, the system acts as a damped oscillator which presents a resonance frequency that for most of the transition metals lies on the UV-Vis part of the spectrum. 16 The NPs exhibit an absorption band in this region of the optical absorption spectrum. According to the Mie theory, 14, 17 as the damping constant depends strongly on the particle size, the shape of the SPR band also does.
In Fig. 5 , we show the calculated absorption spectrum for gold NPs of different sizes, following the Mie theory. The absorption band is centered in 2.4 eV. For small particles there is a broadening in the SPR. The full width half maximum (FWHM), Γ of the SPR band is related to the particle size through the equation:
Γ 0 and a being constants that depends on the particular metal and R the particle's radius. However, we found that for Au NPs capped with different organic molecules, the width of the SPR is not determined only by the particle volume but also by the capping molecule.
18 In 1.5 nm size NPs (Fig. 6) , the thiol-capping yields the absence of SPR absorption band while when they are capped with other molecules (tetraalkylammonium in this case) the absorption band is still present. The tetraalkylammonium interact very weakly with the NPs and the capping agent does not modify their electronic structure. However, dodecanethiol is a strong interacting agent. For NPs capped with strongly interacting agents, the capping molecule does not merely passivate the metallic NPs but also modifies their electronic structure. These changes in the electronic density at the surface can induce an extra damping, which is called chemical interface damping. 14, 15 This produces a shell where electrons cannot oscillate because of charge localization in the Au-S bond. Figure 7 shows a scheme of a thiol-capped Au NP with an external shell where electron movement is damped by interaction with thiols, and an inner core. If the NP is small enough, all the electrons are blocked, since the external shell insulates all the NP and this causes complete extinction of the SPR absorption band.
Magnetic Properties of Organic Coated Gold Surfaces
Recalling the surprising ferromagnetic-like behavior observed in thiol-capped Au NPs, we have also observed that it is strongly dependent on the particle size. For NPs with 2.5 nm of size ( Fig. 8(a) ), the magnetic measurements show a ferromagnetic-like behavior, with hysteresis up to room temperature. However, NPs of 6 nm ( Fig. 8(b) ) presents a diamagnetic behavior for high magnetic fields and a ferromagnetic-like in the central part of the magnetization curve.
To explain this behavior we suggest that the NPs have two different regions as is described in Fig. 7 : the inner metallic core, which presents a diamagnetic behavior similar to bulk gold, and the outer shell (with the Au-S bond), which has a ferromagnetic-like behavior.
The addition of these two effects gives rise to different magnetic behaviors as shown before. In NPs of 6 nm, the diamagnetic contribution is dominant under a high magnetic field. This is because the strongest contribution is due to the inner core since the ratio of surface atoms with respect to the volume atoms is very small (see Fig. 1 ). However, in small particles, surface atoms become more important. Therefore, the Au-S shell has a strong contribution, against the metallic core, and the ferromagnetic contribution is the most important. According to these experiments, to explain the ferromagnetic-like behavior we suggest that the thiol chain joins to the gold through the gold-sulfur bond. This produces a charge transfer, as demonstrated by the XANES spectra. 5 This charge is localized, as it was shown with the UV-Vis measurements, which gives rise to a magnetic moment. There is also an anisotropy axis in the direction of the thiol chain that in contribution with the spin-orbit coupling produces the blocking of the magnetic moments. Therefore, the charge localization and the anisotropy are responsible for the ferromagnetic-like behavior.
Au Thin Films
Thin films are also structures with a large fraction of surface atoms, in which the modification of surface by bonding with certain species could promote important modifications of their physical properties. Moreover, they supply a unique opportunity to study the anisotropy of surfaces, since whereas in the case of NPs the surface bonds are oriented in all possible directions, as it is illustrated in Fig. 9 , there is a single orientation for thin films surfaces.
As for the case of NPs, also for thin films, some published experiments can be considered as hints that capping the surface with certain organic molecules yields to the appearance of ferromagnetic-like behavior at room temperature. In their work about the magnetism of Au surfaces capped with organic molecules, 19 Carmeli et al.
found that gold surfaces coated with a polyalanine monolayer chemisorbed on the gold film, present a ferromagnetic-like component at room temperature (Fig. 10) . They found giant magnetic moments (∼ 50 µ B per surface atom). The substrate presents a diamagnetic behavior. This magnetic signal decays with time, due to the degradation of the organic layer. Fig. 9 . Scheme of the magnetic moments arising at surfaces capped with organic molecules. The magnetic moments are fixed in the bond direction that for NPs are uniformly distributed, while for films there is a unique orientation perpendicular to the surface.
We prepared Au thin films capped with different organic molecules following the stripped gold template method. 20, 21 Briefly, a gold layer was deposited onto a cleaved mica substrate. The mica piece was next glued onto glass substrate. Finally, the mica sheet was removed using a blade. This method allows obtaining in a simple way an atomically flat gold (111) surface. Immediately after, self assembled monolayers (SAMs) were obtained by immersing the Au thin films in a solution containing the organic molecules, in this case a Lewis Neoglyconjugate. 22 This molecule has at the end a thiol group that joins to the organic surface, via a Au-S bond. After the absorption, the surface was rinsed with ultrapure water and dried under N 2 stream. The magnetization from the bare substrate was measured before the formation of the SAMs at different temperatures ( Fig. 11(a) ). At low temperatures, the substrates have a paramagnetic behavior that turns to diamagnetic at 150 K. This behavior is typical of the paramagnetic impurities. The same results were found when the field is applied parallel and perpendicular to the substrate surface, as expected from dispersed magnetic impurities. Figure 11 (b) presents the results before and after the chemisorption of the Lewis molecules, applying the field parallel and perpendicular to the surface at 5 K. The magnetization curves are similar for the substrate and the coated surface when the field is parallel to the sample. However, when the field is perpendicular, a ferromagnetic component arises.
Figures 11(c) and 11(d) show the magnetization curves after removing the signal of the substrate, with the field applied perpendicular (Fig. 11(c) ) and parallel ( Fig. 11(d) ) to the Au surface.
The most striking results are: (iv) The magnetization is independent of the temperature. This is the fingerprint of giant magnetic anisotropy that blocks the magnetic moments so that thermal energy cannot reorient them even at room temperature.
As for the case of NPs, surface plasmon absorption experiments carried out on thiolated gold thin films can help to elucidate the origin of their ferromagnetic-like behavior. The characteristics of a surface plasmon-polariton strongly depend on the chemical species adsorbed on the metal-air interface. An increasing number of chemical biosensors are currently being developed based on this dependency. 23 We have performed Surface Plasmon Resonance (SPR) experiments in the Kretschmann-Raether configuration, 24 both with clean and thiolated thin films.
The thin films were grown by thermal evaporation in vacuum on borosilicate substrates. To ensure a higher flatness, the samples are further annealed in a flame. The slides were placed on a prism both optically coupled with the adequate indexmatching liquid. The angular dependence of the reflectivity using a p-polarized He-Ne laser was recorded. Figure 12 (a) shows the measured reflectivities in a Au film before and after thiols deposition. The excitation of the surface plasmons by the light produces its absorption and the sharp decreasing of the reflectivity. It is clearly observed that the presence of the thiols shifts the maximum toward higher values and the band becomes broader. Theoretical models based on the Fresnel reflectivity equations for a N -layer system actually predict that if the effect of thiols is merely to introduce a layer with different refraction index in the top of the Au film, the surface plasmon resonance band should shift in the observed direction, but with a smaller magnitude and without increase in the width. 25 Thus, it is inferred that the thiol layer is not just an inert layer but interacts with the Au film modifying in some way its electronic properties. In order to analyze this hypothesis, we have measured the dependence of the surface plasmon on the gold film thickness. The results (Fig. 12(b) ) clearly show that for a layer thinner than the optimal one, the plasmon resonance peak shifts to higher values and its FWHM broadens. These observations suggest that the electronic affinity of sulfur in the capping molecules, as in the case of the NPs, could be partially blocking the free plasma oscillation of the gold layer close to the interface, thus reducing the effective thickness of the film as it happens in the case of the nanoparticles described above.
Vager and Naaman proposed the first explanation for the giant magnetic moments of thin films. 26 They hold that after the organic molecules absorption, electrons flow from the Au to the organic layers and form bosons with large orbits that stand a large magnetic moment. We showed that in their explanation they missed a diamagnetic term in the Hamiltonian. 27 An alternative explanation has been recently proposed. 28, 29 The SAMS formed onto the gold surfaces spontaneously form domains. 30 The charge transfer at the Au-S bond induces a contact potential.
31
We consider that the capped region is circular with a radius ξ. For this circular island of radius ξ, a radial electric field appears at the border as it is illustrated in Fig. 13 . This potential step traps quasifree electrons in atomiclike orbits of radius ξ. The Hamiltonian for this electron, including the spin orbit coupling is
The first term of this expression corresponds to the angular moment while the second corresponds to spin orbit coupling. With this H, the mimimum energy corresponds to:
where α r , which is the order of the splitting strength, is dependent on the spin-orbit interaction. The value, according to LaShell et al. 32 is α r h 2 = 0.4 eV for Au (111) surfaces. The value that minimizes the orbital energy, ε, of the electron in this localized orbit is dependent on the spin orbit coupling, the orbit radius ξ and on the orbital momentum L z . Figure 14 shows the orbital energy ε dependence on the quantum number L z for three different values of ξ. If the island is large enough, the energy could reach the minimum value when the orbital momentum has giant values.
The total angular momentum per surface atom trapped in the orbit with spin up and spin down is similar. The orbit states with L z ↑ and L z ↓ are equally populated The origin of the giant magnetic anisotropy is also related with the origin of the magnetic moments. 29 If the surface has a localized spin, S z , the conduction electrons will rotate around it due to the spin-orbit coupling. These electrons have an orbital momentum l z and a spin component s z .
The spin-orbit interaction per atom couples the localized charge and spin to the spin and orbital momenta. So the contributions to the magnetic moments at the surface come from ( The conduction electrons rotate around localized charges and/or localized spins along orbits contained on the surface and, consequently, l can only have z component. Therefore, rotation of orbital magnetic moment is meaningless since it would mean that the electrons leave the metallic surface. However, for any given l z , its reversal does not change the energy provided a simultaneous reversal of (s z + S z ).
For NPs, the value orbital magnetic moment is of the same order than the spin magnetic moments and both have contribution to the macroscopic magnetization.
However, in films the orbital moment contribution is giant and its contribution is the only one observed.
The localized spins even though subjected to possible anisotropies independent of the orbital motion, are mainly blocked by the effective spin-orbit field, H * , given by: The lack of hysteresis observed in gold films indicates that at zero applied field, the number of orbits with quantum number l z is equal to that with −l z and that transitions between them do not need to overcome any barrier. Consequently, a very weak magnetic field enables l z reversal.
The hysteresis observed for Au NPs can be explained as follows. The localized spins are also subjected to the local structural anisotropy with constant k per atom and with an easy axis that we assume perpendicular to the surface. Therefore, if the localized spin were isolated, they will reverse for an opposite field of strength H = 2k/µ 0 µ B . However, the applied field acting on S and trying to reverse it also acts on the orbital moment that is rigidly linked to S, as illustrated by Fig. 16 . Consequently, the reversal will take place at a field
For thin films, l z is in the order of 100, the reversal field is negligible, the curve does not present hysteresis, and only demagnetizing effects are observed. For NPs, as l z is of the order of unity, the reversal is fairly larger than for thin films (for which l z is larger) so some hysteresis may be still be observed.
The magnetic moments are blocked by H * , rather than by k, and can remain blocked up to above 300 K when the NPs size is even smaller than 1 nm. Consequently, the magnetization under constant applied field does not depend on temperature over a broad interval between 5 and 300 K. In summary, we have shown our recent experiments for the study of the surprising ferromagnetic-like behavior that arises at the Au surfaces, in NPs and thin films. This magnetic behavior is induced by the Au-S bonds. Although the magnetic properties of the two systems are not the same, due to the different characteristics of NPs and thin films, the origin of the magnetism is the same. It is a magnetism independent of the temperature, which shows high anisotropy. In the case of thin films the magnetic moments may reach giant values. We proposed that the orbits of conduction electrons at the Au surface are responsible for the magnetic moments. These orbits are determined by the size of thiol packs, and for NPs are limited to atomic distances, because of the lack of planar surfaces. The large anisotropy is due to the huge spin-orbit coupling of Au surfaces.
